To reach ambitious European CO 2 emission reduction targets, most scenarios of future European electricity systems rely on large shares of wind and solar photovoltaic power generation. We interpolate between two concepts for balancing the variability of these renewable sources: balancing at continental scales using the transmission grid and balancing locally with storage. This interpolation is done by systematically restricting transmission capacities from the optimum level to zero. We run techno-economic cost optimizations for the capacity investment and dispatch of wind, solar, hydroelectricity, natural gas power generation and transmission, as well as storage options such as pumped-hydro, battery, and hydrogen storage. The simulations assume a 95% CO 2 emission reduction compared to 1990, and are run over a full historical year of weather and electricity demand for 30 European countries. In the cost-optimal system with high levels of transmission expansion, energy generation is dominated by wind (65%) and hydro (15%), with average system costs comparable to today's system. Restricting transmission shifts the balance in favour of solar and storage, driving up costs by a third. As the restriction is relaxed, 85% of the cost benefits of the optimal grid expansion can be captured already with only 44% of the transmission volume.
Introduction
The European Council has set the goal to reduce CO 2 emissions in the European Union by between 80% and 95% in 2050 compared to their 1990 values [1] . Most European countries will rely on renewable energy sources to reach this goal. Although the majority of renewable energy comes from hydroelectricity today, the renewable sources with the greatest expansion potential are wind and solar energy.
The strong weather-dependent variations of wind and solar generation present a challenge to the balancing of production and demand in the electricity system. These variations have particular spatial scales (wind speeds have a correlation length of several hundreds of kilometres) and temporal scales (both solar and wind have daily variations, but also seasonal patterns and synoptic-scale variations of multiple days as large weather systems pass). The countries of Europe are small enough that the wind and solar generation inside each country is highly correlated. This means that if each country has to balance its own electricity generation, it must be able to deal with the extreme highs and lows of wind and solar generation by itself. Because exploitable hydroelectricity sites are limited and geographically very unevenly distributed, and backup generation from fossil fuel plants is restricted by the CO 2 cap, the rest of the balancing must come from storage solutions or, in part, from demand side flexibility. The need to invest in storage, on top of generation assets, tends to make these electricity systems expensive [2, 3, 4] .
The alternative is to balance the fluctuations of wind and solar in space with inter-connecting transmission between countries, rather than in time with storage. These solutions require networks on the continental scale in order to smooth over the varying feed-in caused by synoptic-scale weather systems. Since the costs of the required transmission infrastructure are significantly lower than either storage or generation assets, these systems tend to be more cost-effective than storage-based systems [2, 3, 5, 6, 7, 8, 9] . However, they require large expansions of transmission capacity that seem implausible in the face of low public acceptance for overhead power lines [10] .
Previous studies have explored the extreme points of this dichotomy between networks and storage [2, 3] . The main innovation of this work is to interpolate smoothly between a continent-scale network-dominated system and a locallybalanced storage-dominated system by continuously varying the allowed volume of transmission inter-connectors, from zero up to unlimited interconnection. This reveals non-linearities in the behaviour of system costs as transmission is expanded. It is shown that most of the benefits of grid expansion can be achieved with only a moderate expansion, which is an important conclusions for policy-makers confronting public acceptance issues arising from new transmission projects.
This study falls into a class of studies of the future European electricity system where load and generation are aggregated at the country level. It follows the work of [2, 3] taking a cost-optimal linear programming approach to investment while restricting CO 2 emissions, but unlike these studies it explores parameter sweeps in the space of solutions to reveal non-linear effects as constraints are continuously tightened. The parameter space approach can also be found in the more stylised studies of [7, 11, 12, 13] , where the effects of different shares of wind and solar energy on backup generation and transmission needs are explored. In contrast to those parametric studies, the results here incorporate realistic modelling of hydroelectric resources, given their importance as an existing source of low-carbon backup flexibility, other sources of storage, a fully heterogeneous allocation of wind and solar capacities to countries within geographic potentials, and a focus on CO 2 reduction rather than increasing available renewable energy. The study [14] introduces a cost-optimal, heterogeneous allocation of wind and solar capacities around Europe, finding a sizeable reduction in total costs compared to homogeneous distributions, but does not incorporate hydro, storage or CO 2 reduction in the modelling. A genetic algorithm is used in [15] to optimise capacities and dispatch over three years in Europe, the Middle East and North Africa to compute storage requirements, but does not incorporate reservoir or run-of-river hydroelectricity.
Other classes of studies of the optimal European electricity system model the transmission networks of each country in more spatial detail [8, 16] , but because of computational limits, they can only consider a small number of representative weather conditions, which cannot capture the full spatiotemporal correlations across the continent. In contrast, this study considers a full year of weather situations. Other studies only optimise the transmission expansion while fixing the generation fleet [5, 6, 9, 16] ; this has the disadvantage that the optimisation cannot weigh up whether it is better to build renewables far from load centres and transport the energy, or build renewables closer to demand. In this study generation and transmission capacities are optimised jointly.
The study presented here only considers the electricity sector. Coupling electricity to the transport, heating, cooling and industrial energy sectors may provide additional sources of flexibility that can help to integrate variable renewables. Studies of sector coupling have in the past either considered single countries (see e.g. Denmark [17, 18] , Germany [19, 20, 21] , and Ireland [22] ) or considered the whole of Europe but without optimising international cooperation [23] . In an upcoming paper we will consider a full optimisation of electricity, heating and transport in the European context. Preliminary results [24] show that the coordinated charging of battery electric vehicles and thermal energy storage can replace much of the need for stationary electricity storage when transmission expansion is restricted.
A further distinction of the model presented here is that the modelling framework uses free software [25] and all the model-specific code, input data, and output data will be available online [26] , in order to further the transparency and reproducibility of the results.
In this paper first results from our study are analysed, starting with an introduction to the mathematical model in Section 2 and the data inputs in Section 3. In Section 4 the results are presented from the point of view of total costs, energy production and the interplay between spatial distribution and temporal variations. Finally in Section 5 the results are discussed and compared to other studies in the literature, before conclusions are drawn in Section 6.
Methods: Model
In this study a future, highly renewable European electricity network is modelled. The capacities and dispatch of renewable energy generators are optimised within each country according to their geographical and weather-dependent potentials, with the goal of reaching ambitious CO 2 reduction targets. Examples of the output capacities can be found in Figure 4 , while a sample dispatch for a single country is shown in Figure 9 .
Objective function
The model is formulated as a techno-economic linear optimization problem that minimizes the total annual system costs. If nodes are labelled by n, generation and storage technologies at the node by s, hours of the year by t and inter-connectors by ℓ, then the total annual system cost consists of fixed annualised costs c n,s for generation and storage capacity G n,s , fixed annualised costs c ℓ for transmission capacity F ℓ and variable costs o n,s for generation and storage dispatch g n,s,t . Costs are not associated with the flow f ℓ,t on inter-connector ℓ in hour t. The objective function is then
The optimization has to satisfy a number of constraints described in the following.
Power balance constraints
To ensure a stable operation of the network, energy demand and generation have to match in every hour in each node. If the inelastic demand at node n and time t is given by d n,t then
where K nℓ is the incidence matrix of the network. The Karush-Kuhn-Tucker (KKT) multiplier λ n,t associated with the constraint indicates the marginal price of supplying additional demand at node n in hour t, also known as the Locational Marginal Price (LMP). The value of λ n,t at the optimal point is an output of the optimisation. Background on the use of KKT duality in electricity markets can be found in [27, 28] .
Generator constraints
The dispatch of conventional generators is constrained by the capacity G n,s
The maximum producible energy per hour in each installed unit of the renewable generators depends on the current weather conditions, which is expressed as an availabilityḡ n,s,t per unit of its capacity:
Note that excess energy can always be curtailed, e.g., by pitch regulation of wind turbines or spillage in hydro power plants.
Only reservoir hydro power plants can delay the dispatch of the natural inflow to some extent by utilizing the storage reservoir.
The installed capacity itself is also subject to optimisation, with a maximum limit G max n,s set by the geographic potential:
The capacity G n,s and the final dispatch g n,s,t of each generator are determined in the optimisation such that they respect the physical constraints above, while minimising the total costs summed in the objective function (1).
Storage operation
The state-of-charge soc n,s,t of all storage units has to be consistent with the charging and discharging in each hour, and less than the storage capacity
The efficiencies η 1 , η 2 determine the losses during charging and discharging, respectively. These losses also imply that the storage is only charged when there is oversupply of power available in the system, and discharged when the generators can not produce enough power and the import options are not sufficient. The state-of-charge is limited by the energy capacity E n,s = h s,max · G n,s . Here, h s,max is the fixed amount of time in which the storage unit can be fully charged or discharged at maximum power. In this model, reservoir hydroelectricity storages can be charged by natural inflow of water, which has to be spilled should the reservoir already be full in a given hour. The state-of-charge is assumed to be cyclic, i.e., it is required to be equal in the first and the last hour of the simulation: soc n,s,t=0 = soc n,s,t=T . This is reasonable when modelling a full year, due to the yearly periodicity of demand and seasonal generation patterns, and allows efficient usage of the storage at the beginning of the modelled time range.
Inter-connecting transmission
The transmission lines between countries are treated as a transport model with controllable dispatch (a coupled source and sink), constrained by energy conservation at each node. This is considered to be a justifiable approximation because many of the international connections are already controllable point-to-point high-voltage direct current (HVDC) connections, such as those undersea (like France-Britain), those over land (like the Spain-France INELFE project) or those in the planning phase (like the HVDC link planned between Germany and Belgium), while the flow on borders with only high-voltage alternating current (HVAC) connections are being increasingly controlled by phase-shifting transformers (like the German-Dutch, German-Polish and German-Czech borders). This also follows the way that interconnectors are handled in market clearing with Net Transfer Capacities (NTCs) on many borders.
The absolute flows on these transmission lines cannot exceed the line capacities due to thermal limits:
The line capacities F ℓ can be expanded by the model if it is costeffective to do so. To satisfy n-1 security requirements, a safety margin of 33% of the installed capacity can be used [9, 29] . This can be emulated a posteriori by increasing the optimized NTCs by a factor of f n−1 = (1 − margin) −1 = 1.5. The lengths of the interconnecting transmission lines l ℓ are set by the distance between the geographical mid-points of each country, so that some of the transmission within each country is also reflected in the optimisation. A factor of 25% is added to the line lengths to account for the fact that transmission lines cannot be placed as the crow flies due to land use restriction. It is assumed that there is sufficient grid capacity within each country to redistribute power as necessary. This assumption is driven by the decision to focus on long-distance interconnecting transmission, which enables the leveraging of continental smoothing effects of interest here, but the assumption may not always be reasonable, given that there are already North-South grid bottlenecks in Germany, for example. However, many more spatially-detailed studies [9, 30] show that total transmission costs are typically small compared to the total generation investment cost. The cost impact only becomes significant if the internal transmission lines cannot be built because of missing public acceptance, which then drives up generation costs if the best sites cannot be exploited. This trade-off is the subject of a forthcoming paper [31] .
The sum of transmission line capacities multiplied by their lengths is restricted by a cap CAP LV which is varied in different simulations:
Line capacities are weighted by their lengths because the length increases both the cost and public acceptance problems of the transmission lines. The cap, measured in MWkm, was raised from zero to the point where the constraint was no longer binding. The KKT multiplier, or shadow price, µ LV indicates the marginal value of an increase in line volume LV to the system; it can also be interpreted as the cost per MWkm necessary for the optimal solution to have the transmission volume CAP LV if the constraint (9) is deactivated.
CO 2 emission constraints
CO 2 emissions are also limited by a cap CAP CO 2 , implemented using the specific emissions e s in CO 2 -tonne-per-MWh of the fuel of generator type s and the efficiency η s of the generator:
The KKT multiplier µ CO 2 indicates the carbon dioxide price necessary to obtain this reduction in emissions in an unconstrained market.
Software implementation
The model was implemented in the PyPSA [25] modelling framework and was optimised using the logarithmic barrier algorithm of the Gurobi [32] solver software. Using this algorithm the model typically solves in 1 − 2 hours per scenario on the local compute node (which has multiple Intel Xeon CPU cores rated at 2.3 GHz and 128 GB of RAM). This provides solutions whose accuracy can be measured by the closeness of the duality gap, which in all simulations was at most 2 · 10 −6 of the total objective value.
Methods: Data
The data underlying this model is presented in this section.
Network Topology
Following [7] , the model consists of 30 nodes with one node per country of the EU-28, excluding Cyprus and Malta, but including Norway, Switzerland, Serbia, and Bosnia and Herzegovina. The nodes are connected with the topology of the already existing international transmission lines (see Fig. 4 for the topology).
Time series
The model is run for a full year with hourly resolution. The year 2011 was chosen because it is the earliest available year with full availability of the input data. The hourly electricity demand in each country is based on [11, 33] . The onshore wind, offshore wind, and solar photovoltaic (PV) power generation are based on historic weather data with hourly temporal and a 40 × 40 km 2 spatial resolution over Europe using a similar method as described in [34, 35] . This method first converts weather data to potential power generation time series in each raster cell and then aggregates the results on country level, weighted by a spatial distribution of generators. This sets the availabilityḡ n,s,t per unit of capacity of the renewable generation (cf. (4)).
Capacity layouts
The capacity layouts of the three renewable resources in each country were set proportional to the usable area and the potential full load hours per raster cell, such that sites with higher average power production are preferred and the average full load hours are relatively high. The available area was restricted by the following constraints: Onshore wind and PV can only be built in areas with certain land use types defined by the CORINE database [36] , following the selection reported by [3] . Therefore, wind farms are not placed in urban areas and solar panels are not built in forests, for example. Offshore wind sites were restricted to a maximum water depth of 50 m. Additionally, all nature reserves and restricted areas defined in the Natura database [37] are excluded. Note that this source did not include such data for non-EU-28 countries, and therefore possible restrictions in these countries are not considered in this study. Fig. 1 indicates that the spread of potential full load hours of onshore wind is large in large countries. The average full load hours are an important factor in determining the spatial distribution of installed capacity. If the distribution of full load hours is very inhomogeneous, the average depends strongly on the region size after determining the capacity layout as described above. In order to get a better estimate of the economic efficiency of wind turbines in each country and to allow a fair comparison between countries of different sizes, we split the onshore wind layout of the ten largest countries into up to four equal area parts. The spatial distribution of the new parts in each country is defined by similar full load hours. This procedure increases the spatial resolution of the onshore wind generation by adding independent classes of generators with different time series and average full load hours to the single node of a country. Their optimized capacities and produced energies are later aggregated again on country level for analysis.
Geographic potential
The geographic installation potential G max n,s is also based on these layouts. It is assumed that in each country each renewable capacity can be extended proportional to this layout only until the installation density reaches a threshold somewhere. The maximum installation density of both onshore and offshore wind power is assumed to be 10 MW/km 2 [3] . Additionally, it is assumed that only a 20% fraction of the already restricted area is available for installation of wind generators due to competing land use and likely public acceptance issues. This leads to an effective threshold of 2 MW/km 2 . For the same reasons, only up to 1% of the area can be used for solar PV panels with a nominal capacity of 145 MW/km 2 [35] . This results in a potential installable energy density per raster cell that is shown in Fig. 1 . Most of the best wind conditions are located along the North Sea, the Baltic Sea, and the Aegean Sea, while the highest solar potentials are in Spain and south-east Europe.
Hydroelectricity
Reservoir hydro and run-of-river power plants can convert water inflow into electricity. Both generation types are assumed to remain at their currently installed capacity, i.e., are not expanded, due to environmental concerns, which defines a conservative lower bound. Data on country-specific installed hydro power capacities is provided by [38, 39] , but does not distinguish between reservoir and run-of-river types. Therefore, the power capacities were split proportional to the run-of-river share per country published by [40] . This source did not report run-of-river shares for some countries, in which case the estimated shares collected within the Restore2050 project [38] were taken instead. All energy storage capacities from [38] are attributed to the reservoir hydro power plants, for a total of 207.6 TWh.
The inflow time series per country are based on [38] , where daily river run-off data [41] was weighted by the respective geographic height and normalized to match yearly generation data. The total inflow in each country was split into reservoir and run-of-river inflow, proportional to the shares of installed power capacity.
Non-renewable generators
The renewable generator portfolio in each country can be complemented by conventional backup generators. Their global annual energy generation is limited by a strict European CO 2 emission limit corresponding to a reduction of 95% compared to 1990, but they can be dispatched independent of weather conditions and therefore help to provide sufficient power even in the most extreme hours. The conventional backup system is represented here by open-cycle gas turbines (OCGT), following the assumptions of [42] , due to their high flexibility and load-following capabilities, and relatively low capital costs, such that they require few full load hours per year to be economically feasible.
Storage
Fluctuating generation can also be mitigated to some extent via temporal shifting in storage units. In this study, three types of storage technologies are considered: pumped hydro storage (PHS), central batteries, and hydrogen (H 2 ) storage with electrolyzers, fuel cells, and above-ground steel tanks [43] . All three storage types are modelled with equal nominal charging and discharging power capacities, respectively. Storage and dispatch efficiencies may differ, however, as listed in Table 1 . The storage energy capacities are assumed to be proportional to the power capacities such that a storage unit can be fully charged or discharged at maximum power in a fixed amount of time h s,max . These simplifications are done to limit computational effort and partly due to lack of detailed publicly available data. The storage energy standing loss over time is not explicitly included in the model.
The already existing pumped hydro storage capacities reported by [38] are assumed to remain in use, but without additional extension potential. This assumption is slightly conservative, but further PHS potentials in Europe are estimated to be small due to environmental concerns. Capital costs for existing units are neglected due to the long technical lifetimes and sitespecific investment contingencies of hydro power plants. PHS units are typically designed to provide short term load shifting within a day. Assuming an appropriate dimensioning of storage energy capacity, the latter is set via h PHS,max = 6 h.
The installation potential of batteries and H 2 storage is not constrained. Central batteries have high round-trip efficiencies but relatively high storage losses over time. Therefore, they are best suited for short-term storage, and are modelled here with h battery,max = 6 h. H 2 storage can provide a long-term storage option due to relatively low efficiencies but low losses over time. A relatively large energy capacity is chosen with h H 2 ,max = 168 h, i.e., one week.
Cost assumptions
All cost assumptions are summarized in Table 1 . The given overnight capital costs were converted to net present costs with a discount rate of 7% over the economic lifetime.
No expansions of hydro reservoir, run-of-river, and pumped hydro storage capacities are considered in this study and the already existing facilities are considered amortized. Therefore, only their fixed operation and maintenance (O&M) costs are taken into account when calculating the total system cost.
The transmission investment per line ℓ is calculated as: (400A C/kW/km · 1.25l ℓ + c CP ) f n−1 with converter pair costs c CP = 150000A C/MW, and n-1 security factor f n−1 = 1.5. The fixed operation and maintenance costs for transmission lines are 2% of the (length-dependent) investment cost. Fig. 2 shows the composition of the average cost for all investment and operation of the optimized highly-renewable European system as a function of the allowed volume of transmission lines (set by the cap in equation (9) Optimized average total system costs per unit of generated energy in A C/MWh as function of the allowed total line volume between zero transmission and the cost optimal volume. The total costs are divided into costs for the modelled components battery storage (grey), H 2 storage (magenta), gas (red), solar (yellow), onshore wind (blue), offshore wind (cyan), and transmission lines (black), top to bottom. The dashed vertical lines mark the transmission line volumes of today's grid (red), the compromise grid (green) at four times today's volume, and the economically optimal grid (black). Larger allowed line volumes cannot add value. Table 2 . Note first that the development of the costs is highly nonlinear as transmission volume is reduced. As the volume is restricted from the optimal point, the costs barely increase; at this point the solution space is very flat, i.e., costs are insensitive to restricting transmission expansion. Only when the transmission volume is restricted to a few multiples of today's grid 1 , the costs start to increase very steeply, driven by bigger investments in storage technologies and solar power.
Results

Total costs as function of line volume constraints
In the economically optimal scenario, the total average cost for a highly renewable power system is 64.8 A C/MWh. For comparison the cost of today's European system can be estimated from the currently installed net generation capacities and yearly energy generation for 2013 [44] combined with technology cost assumptions from the same source [42] as between 52 and 61A C/MWh, depending on whether the decommissioning and waste disposal costs for nuclear power are included. This indicates that highly renewable scenarios can have system costs that are comparable to today's system cost. In these estimates, potential CO 2 emission prices are neglected, which would predominantly increase costs in the conventional system. Although transmission investments contribute only 12% to the total cost, the optimum line volume is 286 TWkm, roughly 9 times higher than today's NTCs of 31 TWkm.
Such a large grid extension seems to be infeasible due to social acceptance issues [10] . On the other hand, restricting transmission requires more storage to deal with variability, driving up the costs by up to 30% compared to the economic optimum.
However, the cost development between these two extremes is not linear: most of the increase occurs at small allowed line volumes, while the cost curve is quite flat closer to the optimum. This allows a compromise grid of four times today's NTCs to lock in 85% of the cost reduction of the optimally extended grid compared to the case without transmission grid, giving an average cost of 79.9 A C/MWh. Today's line volume, optimally distributed, would lock in just 43% of the benefit.
If the composition of costs is examined, wind power installations contribute around 32 to 36 A C/MWh to the average system cost, relatively independent of the allowed transmission volume. For high line volumes, this is the dominant part of the cost and reflects the fact that most of the energy is generated by wind. However, only the cost share of onshore wind increases roughly linearly from 22.3 to 28.6A C/MWh with interconnection volume while the offshore wind share decreases accordingly. The non-linear reduction of the total system costs is due to the decreasing contributions of solar, batteries, and H 2 storage. All three show a similar behaviour of a strong decrease at low transmission volumes that levels off towards the optimal grid volume. Solar costs account for a third of total cost at first but add only 9.4A C/MWh in the optimal case. The cost share of batteries and H 2 storage is relatively small with respectively up to 9.9 and 8.1A C/MWh, and in the economically optimal scenario almost no batteries are installed.
Onshore wind is the only system component whose cost share increases with transmission volume. Weather patterns over Europe are typically correlated over synoptic spatial scales of roughly 1000 km, such that there are usually a few independent wind regions at all times. European-wide transmission therefore allows direct power balancing between these regions, which increases the efficient use of the wind generators. In contrast, solar PV profits much less from this smoothing effect because one of its dominant variabilities is due to the day-night cycle that affects all of Europe almost at the same time. Transmission also allows the sites with higher capacity factors to be exploited more fully, which further increases efficiency.
However, if transmission is strongly limited, most power balancing must be done locally with the help of storage or, if available, dispatchable sources. Wind power is less effective in this case because the wind pattern typically vary on a time scale of 3 to 10 days. Shifting the demand over such periods requires large amounts of energy storage capacity, e.g., from long-term hydrogen storage. It is therefore cost effective to install a larger share of solar, where the energy often has to be stored only between day and night.
Additionally, increasing the transmission volume allows to share temporarily unused and long-term storage between countries, which makes them more cost efficient and can help to reduce the installation demand. It also enables better access to the existing dispatchable and pumped hydro power facilities that are mostly located in Scandinavia and the Alps.
Offshore wind has the least volatile generation and can therefore provide relatively continuous power also to neighbouring countries and has the least storage needs. This is beneficial as long as line volumes are restricted, but due to the high investment costs of offshore wind, it is gradually replaced by The costs for the three types of hydro power is determined by the fixed operation and maintenance cost of their assumed installation capacities and was not subject to the optimization. They are therefore constant at 2.5 A C/MWh throughout all scenarios.
Energy mix
The composition of energy generation per year in units of the total demand 3152 TWh/a as a function of transmission line volume is shown in Fig. 3 and Table 3 . The energy mix is dominated by wind which contributes 46% to 65% of the generation, mostly from onshore generators. Its share increases with the line volume as large scale wind variations can be smoothed better by a larger grid. This is consistent with the trends already indicated by the cost analysis. The large contribution from wind relative to the cost share shows an efficient utilization of the installed capacity. The amount of energy contributed by solar PV generation is relatively high with 40% of the demand as long as transmission is strongly restricted, but decreases to only 16% with optimal grid extension.
There is a clear correlation between the share of solar generation and the excess production required to compensate losses from storage. The latter is indicated by values above 1 in Fig. 3 . It decreases with allowed interconnection from 11% to 4% of the demand. This indicates that systems with a lack of transmission require a more diverse energy mix with relatively high shares of solar generation and storage use, while additional transmission increases both the economic and energy efficiency.
The constant contribution from run-of-river and reservoir hydro of 15% of the demand is equal to the inflow and indicates a negligible need for spillage. The energy from gas power plants is limited by CO 2 emission constraints to 5.1% of the demand in all cases.
In hours with potential excess variable renewable generation that can neither be consumed or stored, this energy is curtailed. The total curtailed energy is reduced from 11% of demand (340 TWh/a) with no transmission to 9% of demand Energy generation / demand gas solar onshore wind offshore wind run-of-river reservoir hydro Figure 3 : Optimized annual dispatched energy generation in units of the annual energy demand as function of the allowed total line volume. The total energy is divided into generation from the modelled components gas (red), solar (yellow), onshore wind (blue), offshore wind (cyan), run-of-river (light green), and reservoir hydro (green), top to bottom. As in Fig. 2 , the dashed vertical lines mark the transmission line volumes of today's grid (red), the compromise grid (green) at four times today's volume, and the economically optimal grid (black). Energy generation above the demand is caused by losses from storage use. The amount of curtailed energy is not shown.
(286 TWh/a) with optimal transmission. There is an inherent ambiguity in the order of curtailment between generators with equal, i.e., zero marginal costs. This ambiguity was lifted by introducing different small costs for each generator type (see Tab. 1). Offshore wind generation has the highest marginal cost and is curtailed first, followed if necessary by onshore wind, solar, and finally run-of-river generation. Therefore, the contributions from run-of-river and solar are as high as possible. This introduces a bias in the mix of produced energy. However, this bias does not affect the installed capacities and system costs, but only redistributes the effective full load hours. In practice, a suitable reimbursement mechanism for curtailing could easily limit the economic consequences. The curtailment order can be justified by practical manageability considerations: it is easier to curtail the same amount of power in a few large off-shore wind parks than a large number of decentral solar panels.
Spatial distribution of infrastructure
The spatial distributions of the optimized annual costs for generation, storage and transmission are shown in Fig. 4 for the three scenarios of allowed transmission line volume of no transmission, the compromise grid expansion, and the economically optimal grid. The same data is graphed in Fig. 5 for ease of comparison, normalised to the average load in each country. In Fig. 6 the total energy generation is plotted, normalised by each country's demand.
First we consider the case without transmission grid. Although this case is unrealistic given that countries are already inter-connected today, it provides a useful reference point to assess the benefits of cooperation. Without transmission grid, there is a very diverse mix of energy sources where almost every country has wind, solar, and gas generation, with the highest shares of solar in southern Europe. This technological diversi- AT  BA  BE  BG  CH  CZ  DE  DK  EE  ES  FI  FR  GB  GR  HR  HU  IE  IT  LT  LU  LV  NL  NO  PL  PT  RO  RS  SE  SI  SK  country   0   1   2   3   4   5   6   7 Energy generation / demand gas solar onshore wind offshore wind run-of-river reservoir hydro Figure 6 : Energy generation in units of demand per country split by generator type. The left, middle, and right bars are for the zero, compromise, and optimal transmission scenarios, respectively. Energy generation can be above the local demand due to storage losses and exports. The color code is the same as in Fig. 3 . BA  BE  BG  CH  CZ  DE  DK  EE  ES  FI  FR  GB  GR  HR  HU  IE  IT  LT  LU  LV  NL  NO  PL  PT  RO  RS  SE  SI  SK fication is cost-effective in the absence of transmission because the different resource characteristics on different time scales can be used for some country internal balancing, as discussed, e.g., by [7] . However, this still requires significant amounts of storage in most countries, with a relatively homogeneous share of around 20% of the costs, similar to its share of the total costs as shown in Fig. 2 . The mix of H 2 and battery storage especially in the central European countries reflects the composition of generation technologies: countries with high shares of wind power have high shares of longer-term H 2 storage, while solar dominated countries usually have larger, or exclusively, shorter-term battery capacities. The existing pumped hydro storage units have properties similar to those of batteries and also allow a slightly increased share of solar generation. The dispatchable reservoir hydro power is highly beneficial where available by providing a flexible source of energy that can be stored until needed. This helps to balance the mismatch between fluctuating renewable generation and demand and can reduce costs considerably. Countries with large hydro capacities like Norway and Switzerland have to build relatively little other infrastructure.
AT
Offshore wind power often has high capacity factors and relatively little volatility but high installation costs. Ten countries also utilize their offshore wind resources in this scenario. In Greece, the Netherlands, and Germany the investment shares are above 25%. It is not built in Great Britain, Ireland, and Denmark which have some of the best offshore wind efficiencies, but also very good onshore wind conditions and large installation potentials. There, long term H 2 storage and the differing characteristics of solar provide more benefits than additional offshore wind.
In the scenario with the compromise grid expansion, there is already some splitting of resource utilization between different regions in Europe in order to better exploit the available potentials. Due to relatively weak solar irradiation in northern Europe, solar generation is no longer built there, which also largely removes the benefits of battery storage in this region. Instead, only a few countries like Denmark, Great Britain, and Norway with very good wind potentials increase the size of their onshore wind installations and export the excess energy. It is then cost efficient for the other countries to install similar amounts or even less onshore wind capacity than in the scenario without transmission. The grid infrastructure is built predominantly between large and wind dominated countries in north-western Europe, where it helps to increase the generation efficiency further via synoptic-scale spatial smoothing of wind fluctuations. This also reduces the need for H 2 storage in all countries with wind installations. Only Denmark and Great Britain increase their H 2 storage capacities slightly, which suggests that their exports can be supported by congestion management through storage.
In south-eastern Europe, the solar and battery installations are almost the same as in the previous scenario, but the introduction of relatively small transmission capacities allows to replace the local wind installations with imports from nearby regions. Exceptions are Greece and Romania that have access to good offshore wind resources, that are now utilized even more in Greece and used for exports.
The technology mix especially in the larger countries in central and south-western Europe is still heterogeneous due to compromises between resource efficiency and transmission constraints. This is also indicated by the concentration of balancing power generation from gas power plant in central Europe.
For the case of economically optimal line volumes, there is a strong transmission grid expansion over all of Europe that allows to balance synoptic-scale weather variations and for optimal utilization of the best resource locations, making the trends discussed above more pronounced. This large grid allows significant net exports of onshore wind generation from a few countries like Denmark, Great Britain, Ireland, Norway, and Sweden. The first two of these are located slightly more centrally in the grid and require less H 2 storage than in the previous scenario, while the latter three are further away from the importers, and build more H 2 storage.
The solar generation is concentrated in southern Europe where the highest solar full load hours are found, but still require net imports. The South-East has the smallest grid expansion, indicating that solar generation does not directly profit as much from (local) spatial smoothing effects. Greece plays an important role in this region to diversify the power sources with its high share of offshore wind that can be exported, e.g., during the night.
Marginal prices
The average marginal prices for each node derived from the KKT multipliers λ n,t in equation (2) are plotted in Fig. 7 for each node and for three scenarios. Here several trends are noticeable. First, the overall prices decrease as transmission is increased, reflecting the decrease in total system costs. The spread of prices between the nodes also narrows as increased transmission reduces congestion, allowing prices to equalise within the network. Finally we see that the overall prices are slightly higher than the average system costs, because they include the scarcity costs induced by the constraints, such as the CO 2 cost which contributes on average 5 A C/MWh and the scarcity costs of generation sites with limited expansion potential.
The lowest prices are in those countries with high shares of zero-marginal-cost renewable generation, such as Denmark, Ireland, Sweden and Norway. Norway actually sees an increase in prices as transmission is expanded, since it can share its abundant hydro resources with other countries, to the benefit of the entire system.
Line volume shadow price
The economic value of transmission line volumes can be analyzed with the help of the shadow price µ LV of the line volume constraint defined in eq. (9) . The shadow price is the dual variable of this constraint and can be interpreted as the price per unit of line volume the system is willing to pay to build a given amount LV of constrained line volume. In other words, this is the cost required so that in an unconstrained market, the economic optimum is to build a total line volume of LV. Therefore, at the assumed current costs for over-land HVDC transmission lines of 400 A C/MWkm, the model finds the optimal grid volume of 286 TWkm, as marked by the black lines in Fig. 8 . Here, the plotted shadow price is defined such that it represents the overnight capital costs of lines. This figure allows to read off the points at which more expensive transmission solutions, such as underground cabling, make economic sense. If all lines would be replaced by underground cables with a current cost of ca. 2000 A C/MWkm, a grid extension to 90 TWkm, roughly three times the current NTC would still be economically optimal in this model. The proposed compromise grid with four times today's volumes derived from considerations of the total system costs would still be built if transmission would cost 1300 A C/MWkm. In a purely market based solution, transmission would have to cost 4000 A C/MWkm in order to limit the optimal line volume to today's NTC in this model.
Dispatch time series
In this subsection some example dispatch time series from the model are examined. Fig. 9 shows an example from France in August with high generation from both wind and solar. Some onshore and offshore wind has to be curtailed, as shown by the difference between available power (dashed lines) and dispatched power (solid lines). More offshore than onshore wind is curtailed, but no solar generation, following the assumed curtailment ordering via marginal costs as described above.
During this period, hydrogen storage is charged at full power most of the time when there is excess wind generation, and is only discharged in a few nights with very little wind generation. Similarly, reservoir hydro is also only dispatched during these nights and accumulates the inflow the rest of the time, which is not shown here. Batteries and pumped hydro storage (PHS) provide peak shaving between day and night, where they are charged mostly from solar during the day and discharge during the night. The imports and exports tend to be correlated with local under-and overproduction of wind, respectively, but they also depend strongly on the state of the rest of the network. The dispatch of run-of-river is almost constant and very small, and gas power is not generated during this time. Fig. 10 shows the behaviour of the state of charge for all the storage in Europe, revealing the different temporal scales on which each technology operates. Reservoir hydro shows a seasonal pattern, discharging in winter when demand is high, and charging in spring and summer as snow melts in mountainous areas. The sum of reservoir storage levels never drops to zero because it is aggregated over several countries; individual countries do drop to zero, but at different times. Hydrogen storage varies on seasonal and synoptic scales, reflecting the pairing of this long-term storage with wind. Finally, battery and PHS show a daily pattern reflecting the use of this storage resource to balance variations in solar generation.
Discussion
Comparison to the literature
Average system costs range in this study from 64. target of 100% CO 2 -free generation and found average costs of 46.5 A C/MWh for optimal transmission in a system comprising Europe, the Middle East and North Africa (EUMENA), 52 A C/MWh with no transmission between Africa and Europe, and 80 A C/MWh with no transmission at all between countries. Scholz [3] found for a 100% renewable system for EUNA an average cost of 69 A C/MWh with optimal transmission and 83 A C/MWh with no transmission. Bussar et al. [15] found for EUMENA an optimal cost of 69 A C/MWh and a total line volume of 375 TWkm with optimal transmission. These costs compare well to the extreme points of our analysis. Analysing the full spectrum of possible network extensions between the extreme points, as has been done here, reveals the non-linear development of the costs and the benefits of a compromise transmission expansion.
In [7, 12] similar non-linear effects of transmission were found in a more simplified model of a highly renewable European electricity system without a limit on CO 2 emissions, without storage or hydroelectricity, and without optimising transmission and generator capacities. In that model, if there were no constraints on transmission, the model would build 12 times today's inter-connecting capacities to minimise the need for backup energy; however, 90% of the benefit was found with 4 times today's capacities and 70% of the benefit with 2 times today's capacities. In [14] this approach was extended to include optimisation of wind and solar capacity placement, but again the results are not comparable because CO 2 emissions were not limited (which would translate into a limit on backup energy from fossil fuels), and storage and hydroelectricity were not considered. However, the average system cost range found in [14] of 53 A C/MWh to 64.5 A C/MWh, depending on the amount of transmission and the level of optimisation of generation capacities, is also comparable to the studies mentioned above.
Next we turn to studies that optimise grid capacity in Europe with more network nodes, so that transmission lines inside each country are also seen in the model. These models tend to see a lower overall level of grid expansion at the cost-optimal level than studies which aggregate each country to a single node. For example, in [8] with a 200-node model of Europe, the costoptimal grid capacity for a 90% CO 2 reduction in the electricity sector is around double today's total capacity. Similar results can be found in [5, 6] with up to 83 nodes. Lower levels of grid expansion are seen when looking at lower levels of renewables in the near future [9, 30] . The dependence of electricity system optimisation results on the level of spatial resolution (i.e. the number of network nodes) was studied in detail recently in [31] , where it was also found that the cost-optimal level of grid expansion for a 95% CO 2 reduction was around 2-3 times today's capacities when including country-internal transmission lines; using more expensive underground cables for the grid expansion results in optimal networks that are only 30% to 60% bigger than today. Models that only include transmission lines between countries, like the one presented in this paper, show bigger network expansions because interconnectors have traditionally been weaker than the networks inside countries, given that the current interconnected system has evolved slowly by combining national systems.
In common with all the studies mentioned above, the model presented here shows the dominance of wind power (up to 65% of total energy production) when transmission expansion is allowed.
Limitations of the study
As discussed above, one limitation of this study is that grid bottlenecks inside each country are not considered in the model, since we chose to focus on the benefits of international transmission. It was shown in [31] that while expanding the grid to resolve these country-internal bottlenecks might double transmission costs in the cost-optimal case, these costs are still less than 10% of total system costs. If national networks cannot be expanded because of acceptance problems, these bottlenecks cause additional costs by restricting generation feed-in, forcing a shift from offshore wind expansion to more local production from solar and storage.
In this study the costs of possible expansion of the distribution grid and the provision of ancillary services have not been considered. Studies which have considered the expansion of the distribution grid for high shares of renewables show that these costs range from around 10% to 15% of total system costs [29, 45, 46] ; taking account of ancillary services, such as voltage control, frequency control, fault current provision and black-start capabilities have also been shown to play only a secondary role in the total system costs [47, 48, 49] .
Another limitation of this study is that synergies arising from coupling the electricity sector to other energy sectors, such as transport and heating, have been neglected. A follow-up study to this one is being prepared that considers sector-coupling in a European context. Preliminary results [24] show that the coordinated charging of battery electric vehicles can replace the role of stationary batteries in balancing solar variations, while the longer-term variations of wind can be accommodated using Power-To-Gas and Power-To-Heat units in combination with thermal energy storage. This sector coupling can further reduce the need for inter-connecting transmission.
Summary and Conclusions
In this paper a techno-economic model was implemented and optimised to examine the effect of different levels of interconnecting transmission on the costs of the European electricity system, assuming a reduction of CO 2 emissions of 95% compared to 1990 levels. This model includes renewable energy generation from wind, solar and hydro power, and storage systems such as pumped hydro storage, batteries, and hydrogen storage units.
We interpolate continuously between a cost-optimized level of inter-connecting transmission and no or limited interconnection between European countries. We analyse the average system costs depending on different transmission volume levels. This reveals non-linear effects which are not visible in studies of isolated transmission scenarios [2, 3, 15] ; in particular, most of the economic benefits of transmission expansion can be locked in with a more modest expansion than the optimal solution. An expansion to four times today's inter-connection capacities already enables 85% of the cost savings of the optimal transmission expansion (9 times today's). This conclusion has important policy consequences, because it offers a compromise between the needs of the electricity system and low acceptance of transmission grid expansion by the public. With the cost-optimal level of transmission, the European electricity system can be built with a total average system cost as low as 64.8 A C/MWh, comparable to the cost of the current system without CO 2 pricing. This system uses a continent-wide transmission grid to balance the large-scale synoptic variations of wind (65% of energy generation) and integrate hydroelectricity from mountainous regions (15% of generation). Restricting transmission drives total costs up by a third, because the grid is no longer available to balance the variations of wind in space. Instead, long-term hydrogen storage must be used to balance the variations of wind over several days; since this is comparatively expensive, restricting transmission favours a combination of solar generation (up to 36%) with daily battery storage. This shows the importance of considering spatial and temporal scales when analysing the integration of renewables. It also shows that there is no single solution for a highly renewable electricity system. Instead there is a family of possible solutions with different properties (such as level of transmission) and different costs.
This study has highlighted the importance and cost-efficiency of a global European energy transmission network, even if it can not be extended to its economically optimal size due to external limitations like public acceptance issues. The flatness of the costs around the optimal point as transmission is restricted is a general feature that also applies to other types of restrictions. In a forthcoming study, this work will be extended to the exploration of other directions that also turn out to be flat in the optimization space, such as restrictions on the import levels of each country, restrictions on onshore wind due to public acceptance problems, and variations of the CO 2 cap or price. These flat directions are important, because they may allow solutions that are both cost-effective and also take account of other political restrictions. In a further study, the benefits of coupling to other energy sectors, such as transport and heating will be considered.
These studies will lead to a much better understanding of the importance of European cooperation in terms of energy distribution, and it will contribute to a more stable, cost-efficient and effective setting for the future stability of a highly renewable European energy network.
